
Characterization of Neuroblastic Tumors Using
18F-FDOPA PET

Meng-Yao Lu*1, Yen-Lin Liu*2,3, Hsiu-Hao Chang1, Shiann-Tarng Jou1, Yung-Li Yang1, Kai-Hsin Lin1, Dong-Tsamn Lin1,
Ya-Ling Lee4, Hsinyu Lee5,6, Pei-Yi Wu5, Tsai-Yueh Luo7, Lie-Hang Shen7, Shiu-Feng Huang8, Yung-Feng Liao9,
Wen-Ming Hsu10, and Kai-Yuan Tzen11, for the National Taiwan University Neuroblastoma Study Group

1Department of Pediatrics, National Taiwan University Hospital, Taipei, Taiwan; 2Degree Program of Translational Medicine,
Academia Sinica–National Taiwan University, Taipei, Taiwan; 3Department of Pediatrics, Buddhist Tzu Chi General Hospital, Taipei
Branch, New Taipei, Taiwan; 4Department of Nursing, National Taiwan University College of Medicine, Taipei, Taiwan; 5Institute of
Zoology, National Taiwan University College of Life Science, Taipei, Taiwan; 6Department of Life Science, National Taiwan
University College of Life Science, Taipei, Taiwan; 7Institute of Nuclear Energy Research, Taoyuan, Taiwan; 8Institute of Molecular
and Genomic Medicine, National Health Research Institute, Miaoli, Taiwan; 9Institute of Cellular and Organismic Biology, Academia
Sinica, Taipei, Taiwan; 10Department of Surgery, National Taiwan University Hospital, Taipei, Taiwan; and 11Department of Nuclear
Medicine, National Taiwan University Hospital, Taipei, Taiwan

Neuroblastic tumors are childhood neoplasms that possess
amino acid decarboxylase (AADC) activity and can theoretically
be imaged by 18F-fluorodihydroxyphenylalanine (18F-FDOPA)
PET, a new diagnostic tool for neuroendocrine tumors. In this
study, we explored the accuracy and clinical role of 18F-FDOPA
PET in neuroblastic tumors. Methods: From 2008 to 2011,
patients with tissue-proven neuroblastic tumors receiving 18F-
FDOPA PET at initial diagnosis or during follow-ups were en-
rolled. The sensitivity and specificity of 18F-FDOPA PET were
compared with those of 123I-metaiodobenzylguanidine (123I-MIBG)
scintigraphy and 18F-FDG PET, using tumor histology as the
standard. The maximum standardized uptake value and tumor-
to-liver uptake ratio on 18F-FDOPA PET were measured and
correlated with AADC messenger RNA level in tumor tissue.
Results: Fifty tumors from 34 patients, including 42 neuroblas-
tic tumors and 8 lesions without viable tumor cells, were eligible
for analysis. 18F-FDOPA PET successfully detected neuroblas-
tic tumors of different histologic types in various anatomic sites,
at a sensitivity of 97.6% (87.4%–99.9%) and a specificity of
87.5% (47.3%–99.7%). In tumors with concomitant studies,
18F-FDOPA PET demonstrated a higher sensitivity than 123I-MIBG
scintigraphy (n 5 18; P 5 0.0455) or 18F-FDG PET (n 5 46; P 5
0.0455). Among the 18 tumors with concomitant 123I-MIBG
scans, 4 tumors with viable cells were 123I-MIBG–negative but
were successfully detected by 18F-FDOPA PET. The tumor up-
take of 18F-FDOPA significantly correlated with AADC expres-
sion (n 5 15 nonhepatic tumors; maximum standardized uptake
value, P 5 0.0002; tumor-to-liver uptake ratio, P , 0.0001).
Conclusion: 18F-FDOPA PET showed high sensitivity and

specificity in detecting and tracking neuroblastic tumors in this
preliminary study with a small cohort of patients and might be
complementary to 123I-MIBG scintigraphy and 18F-FDG PET. By
correlating with AADC expression, 18F-FDOPA PET might serve
as a useful imaging tool for the functional assessment of neuro-
blastic tumors.
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Neuroblastic tumors are the most common extracranial
neoplasms in children and usually lead to a lethal result (1).
Neuroblastic tumors are derived from precursors of the
sympathetic nervous system (2) and secrete catecholamines
or their metabolites (3). The primary tumors frequently
arise from the adrenal glands or paraspinal ganglia in the
retroperitoneum, or sometimes from the mediastinum,
neck, and pelvis. Substantial metastatic diseases in the
bone, bone marrow, lymph nodes, or liver may also be
present at diagnosis (4). Therefore, the assessment of neu-
roblastic tumors requires a multitude of studies, including
anatomic imaging (CT or MR), histologic examination of
primary or metastatic tumors, bone marrow studies, and
evaluation of urinary catecholamine levels (5). To detect
viable neuroblastic cells noninvasively, functional scans,
such as 131I-/123I-metaiodobenzylguanidine (131I-/123I-MIBG)
scintigraphy, 99mTc-methylene diphosphonate bone scanning,
and 18F-FDG PET, have been performed with variable sensi-
tivity and specificity (5).

By targeting the catecholamine biosynthesis pathway,
6-18F-fluoro-L-dihydroxyphenylalanine (18F-FDOPA) PET
has been used in visualizing neuroendocrine tumors, such
as pheochromocytoma, paraganglioma, gastroenteropancreatic
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neuroendocrine tumors, and medullary thyroid carcinoma
(6,7). 18F-FDOPA resembles natural L-DOPA, which com-
petes with large neutral amino acids in the plasma and is
transported into the neurons by various amino acid trans-
porters (8). The short-term accumulation of 18F-FDOPA in
neurons is determined mainly by the reaction rate of amino
acid decarboxylase (AADC; encoded by the DDC gene on
chromosome 7p12.2), which converts 18F-FDOPA to 18F-
fluorodopamine, which is then stored in vesicles. Because
the physical half-life of 18F is 110 min, PET recordings
show the total radioactivity concentration in living tissue,
irrespective of any biotransformation of the tracer (9). In
neuroendocrine tumors, the increased transport and AADC
activity result in intracellular retention of metabolized 18F-
FDOPA and positive signals on PET images (10,11). In
neuroblastic tumors, the neuroblastic cells also possess
AADC activity (12) and, thus, theoretically can also be
imaged by 18F-FDOPA PET.
The aim of this study was to characterize the imaging

features and to examine the accuracy of 18F-FDOPA PET in
neuroblastic tumors, using tumor histology as the gold stan-
dard. The diagnostic performance of 18F-FDOPA PET was
compared with those of 18F-FDG PET and 123I-MIBG scan-
ning in patients with concomitant studies. Furthermore, we
tested the hypothesis that 18F-FDOPA uptake of neuroblastic
tumors corresponds to AADC gene expression and catechol-
amine metabolism.

MATERIALS AND METHODS

Patients
From August 2008 to August 2011, we recruited patients

diagnosed with neuroblastic tumors for serial 18F-FDOPA, 18F-
FDG, and 123I-MIBG scans before therapy and during follow-
ups at National Taiwan University Hospital. When there was a
clinical diagnosis of neuroblastic tumors, we arranged for functional
imaging studies as well as standard clinical evaluations, including
CT/MR imaging, urinary vanillylmandelic acid (VMA) level, and
bone marrow smear and biopsy, followed by tumor biopsy or re-
section. The scans were obtained before treatment and at an interval
of 3–12 mo during and after treatment. The findings were inter-
preted as positive or negative by an experienced nuclear medi-
cine physician who was masked to the clinicopathological
backgrounds of patients. The method of operation was decided
by the pediatric surgeon, based on preoperative anatomic imag-
ing, the resectability of the tumor, and the patient’s clinical
condition. Whenever possible, total resection was the first con-
sideration. However, when the main tumor encapsulated major
organs, great vessels, or nerves, a biopsy was taken from a part
of the tumor with the safest accessibility, to minimize harm to
the patient. Only neuroblastic tumor patients with concomitant
18F-FDOPA imaging and tumor histology were included in this
analysis.

The histologic classification of neuroblastic tumors was based
on the International Neuroblastoma Pathology Classification (13).
The tumor status of MYCN amplification was evaluated using
chromogenic in situ hybridization analysis (14). All patients were
staged according to the International Neuroblastoma Staging Sys-
tem (15). Patients were treated with surgery alone or a combination

of multiple modalities including chemotherapy, radiotherapy, or au-
tologous hematopoietic stem cell transplantation and 13-cis-retinoic
acid according to their risk grouping (16,17). The treatment response
was observed in accordance with the International Neuroblastoma
Response Criteria (15). Urinary VMA level was measured from 12-
or 24-h urine collections, assayed by high-performance liquid chro-
matography (Bio-Rad Laboratories), and reported as mg/d. The
study was approved by National Taiwan University Hospital Re-
search Ethics Committee, and informed consent was obtained from
each participant’s guardian.

Production of 18F-FDOPA
18F-FDOPA was produced in-house with a commercial auto-

matic synthesis system (TRACERlab FXFE; GE Healthcare)
(18). Briefly, 18F-fluorine was produced in the National Taiwan
University Hospital PETtrace cyclotron and then reacted with
the protected trimethylstannyl precursor (N-formyl-3,4-di-tert-
butoxycarbonyloxy-6-[trimethylstannyl]-L-phenylalanine ethyl ester;
ABX) in Freon (DuPont) at 5�C. A deprotection step was performed
with HBr and then neutralization with NH4OH. The product was
purified with semipreparative high-performance liquid chromatog-
raphy followed by sterile filtration. After a series of quality control
procedures, the 18F-FDOPA–containing product solution was
ready for intravenous injection. The radiochemical yield of
18F-FDOPA was 20%–30% (decay-uncorrected) in a synthesis
time of 50–60 min from the end of bombardment. The radio-
chemical purity was greater than 95%, and the specific activ-
ity was greater than 222 kBq/mg.

Image Acquisition and Data Analysis
All nuclear medicine scans were obtained in random order

among one another within the same admission, depending on the
production schedule of the radiopharmaceuticals. All images were
acquired in 2 dimensions according to the standard procedures
described below. We performed a routine sedation 30 min before
scanning if necessary.

For 18F-FDOPA imaging, patients were pretreated with a 2 mg/kg
dose of carbidopa orally an hour before injection of 18F-FDOPA
(19–21). Whole-body PET/CT images were acquired 90 min after
injection of 18F-FDOPA (4 MBq/kg) on a PET/CT scanner with
low-amperage CT (Discovery ST-16; GE Healthcare). Whole-
body 18F-DOPA PET acquisitions included 5–9 bed positions
(5 min per bed position) and were reconstructed using an iterative
algorithm. Nondiagnostic CT (low-amperage CTwith 140 kV, 40–
80 mA, 0.5 s/rotation) was used for attenuation correction and
for anatomic localization of the hot spots of the PET study.

Before the 18F-FDG PET/CT study, patients were instructed to
fast for at least 4 h. 18F-FDG (5 MBq/kg) supplied by the PET
Center of National Taiwan University Hospital was administered
intravenously in an infusion line connected to saline. The same
PET/CT scanner was used for imaging, with low-amperage CT at
the same setting acquired first, followed by the PET acquisition
(4 min per bed position) 45–60 min after 18F-FDG injection.

For the 18F-FDOPA and 18F-FDG PET images, the maximum
standardized uptake value (SUVmax) was determined for the lesion
using elliptic regions of interest manually drawn around areas of
abnormal uptake as delineated on the PET/CT image. SUVmax was
chosen because of its lower sensitivity to partial-volume effects
and higher reproducibility between observers. A region of interest
large enough to cover more than half the lesion was used, avoiding
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peripheral areas of the lesion to prevent the partial-volume effect.
SUVmax measurements from the liver were obtained in a similar
fashion. The regions of interest in the liver were free of visible
metastatic disease and showed homogeneous signal intensity as
delineated on the PET/CT image. All SUVmax calculations were
performed on the transaxial attenuation-corrected PET slices.
SUVmax corrected for lean body mass was automatically generated
with software from GE Medical Systems on a Xeleris 2 worksta-
tion (GE Healthcare). Activity counts in the regions of interest
were normalized to injected doses per kilogram of patient body
weight. To be more objective, we also calculated the tumor-to-liver
SUVmax ratio.

123I-MIBG was produced by the Institute of Nuclear Energy
Research (Taoyuan, Taiwan) (22) and was injected intravenously
with an administered activity of 7.4 MBq/kg (80–370 MBq) on the
third day of a 3-d course of Lugol solution. Anterior and posterior
whole-body 123I-MIBG scans were acquired 24 h after tracer in-
jection. The dual-head g-camera (Infinia Hawkeye; GE Health-
care) equipped with low-energy high-resolution parallel-hole
collimators was used for scanning. The scanning speed for
whole-body imaging was 8 min/step/30 cm in step-and-shoot
mode. SPECT images were obtained for some patients in specific
sections of the body, according to the clinical history of the patient
and tumor localization (e.g., thorax or abdomen). For SPECT
acquisition, the following parameters were used: 60 projections,
a 128 · 128 matrix, and a 60-s acquisition time per projection. The
data were reconstructed by standard filtered backprojection using
a Butterworth filter.

Real-Time Polymerase Chain Reaction Analysis
of AADC

AADC messenger RNA expression levels were analyzed by
real-time polymerase chain reaction (23). Only nonhepatic tumors
with sufficient samples were included because of endogenous ex-
pression of AADC in liver. Briefly, fresh tumor tissue was
obtained during the patients’ routine surgical treatment and im-
mediately cryopreserved in liquid nitrogen, and total RNA was
later extracted using TRIzol reagent (Invitrogen) and converted
to complementary DNA by reverse transcriptase (SuperScript II;
Invitrogen). Real-time polymerase chain reaction was performed
using the iCycler iQ Real-Time PCR Detection System (Bio-Rad).
A primer set of 59-GAACAGACTTAACGGGAGCCTTT-39 (for-
ward) and 59-AATGCCGGTAGTCAGTGATAAGC-39 (reverse)
was used to detect 2 AADC messenger RNA isoforms that have
been reported in various neuroblastoma cell lines (24,25). The
primer set for glyceraldehyde-3-phosphate dehydrogenase was
59-GTGGTCTCCTCTGACTTCAAC-39 (forward) and 59-TCTC-
TTCCTCTTGTGCTCTTG-39 (reverse). The cycling condition
was 95�C for 1.5 min, followed by 40 cycles of 95�C for 30 s,
60�C for 30 s, and 72�C for 30 s. For quantification, the AADC
messenger RNA expression level was normalized to that of glyc-
eraldehyde-3-phosphate dehydrogenase. The results from 3 sepa-
rate experiments were averaged.

Statistical Analysis
The sensitivity and specificity of 18F-FDOPA PET, 18F-FDG

PET, and 123I-MIBG scans with 95% confidence intervals were
calculated using tumor histology as the gold standard and com-
pared using the McNemar test. Receiver-operating-characteristic
analysis was performed for 18F-FDOPA and 18F-FDG PET. The
association between tumor uptake of 18F-FDOPA and AADC mes-

senger RNA or urinary VMA levels was evaluated by the Spear-
man nonparametric correlation test. Numeric data between groups
were compared using the Wilcoxon rank-sum test. The statistical
analyses were performed with Small Stata 11.0 software (Stata-
Corp). All tests were 2-sided, and those with a P value of 0.05 or
less were considered statistically significant.

RESULTS

Clinical Features of Patients and Tumors

During the studied period, 55 patients were enrolled and
80 scan were performed using 123I-MIBG scintigraphy, 202
using 18F-FDOPA PET, and 205 using 18F-FDG PET. The
imaging procedures were well tolerated. Thirty-four
patients with 50 tumors with concomitant tissue histology
and 18F-FDOPA PET scans were eligible for analysis.
There were 20 boys and 14 girls, with a median age of
2.8 y (range, 0.2–8.6 y). Most patients (26/34 [76.5%])
had advanced disease (stage 3 or 4). MYCN amplification
was noted in 7 of 32 patients (21.9%) with available data.
Among the 34 patients, 25 had 1 tumor, 7 had 2 tumors, 1
had 3 tumors, and 1 had 7 tumors (because of multiple
relapses). Tumors from the same patients were sampled at
different surgical times. The histologic types of the 50
tumors included 26 neuroblastomas (52%), 11 ganglioneuro-
blastomas (22%), 5 ganglioneuromas (10%), and 8 lesions
without viable tumor cells (16%). Most tumors (33/50
[66%]) were in the abdomen. Details on the clinical fea-
tures of patients and tumors are listed in Table 1.

Characteristics of 18F-FDOPA PET in
Neuroblastic Tumors

In patients with no evidence of disease, 18F-FDOPA up-
take was noted over the basal ganglia, gallbladder, kidneys,
urinary tract, and epiphyseal plates of the long bones (Fig. 1).
The basal ganglia, which contain dopaminergic neurons
with AADC activity, may serve as an internal positive con-
trol. Forty-two (84%) tumors were avid on 18F-FDOPA
PET scans. In patients with active disease, 18F-FDOPA
PET clearly visualized the primary tumor (Fig. 2A, mid-
dle panel) and probable metastatic sites such as lymph
nodes, bone or bone marrow, skull, and brain (Supple-
mental Fig. 1; supplemental materials are available
online only at http://jnm.snmjournals.org).

18F-FDOPA PET successfully detected 41 of the 42 neu-
roblastic tumors with viable tumor cells, including 25 of 26
neuroblastomas, all 11 ganglioneuroblastomas, and all 5
ganglioneuromas, with a sensitivity of 97.6% (95% confi-
dence interval, 87.4%–99.9%). The only false-negative im-
age was for an adrenal tumor in a 5-y-old girl with stage 4,
MYCN-amplified disease after induction chemotherapy.
Histologic examination showed a focal neuroblastoma with
treatment effects and scattered residual tumor cells. On the
other hand, 7 of the 8 lesions without viable tumor cells
were negative on 18F-FDOPA PET with a specificity of
87.5% (47.3%–99.7%). The only 18F-FDOPA false-positive
image was for an adrenal tumor in a 3-y-old girl with stage
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4 neuroblastoma after chemotherapy. The histology revealed
no evidence of residual malignancy, but 2 ganglia were
found in 1 section.

Comparison of 18F-FDOPA PET, 123I-MIBG Scan, and
18F-FDG PET

In tumors that were studied with different modalities
concomitantly, 18F-FDOPA and 18F-FDG PET demon-
strated a higher resolution and tumor delineation than
123I-MIBG scanning did (Fig. 2A). The sensitivity, speci-
ficity, and accuracy between 18F-FDOPA PET and 123I-
MIBG scanning or 18F-FDG PET are summarized in Table 2.

123I-MIBG scintigraphy was performed concomitantly
for 18 tumors with a sensitivity of 75% (47.6%–92.7%)
and a specificity of 100% (15.8%–100%). Three of the four
123I-MIBG–negative neuroblastic tumors were successfully
detected by both 18F-FDOPA and 18F-FDG PET (Supple-
mental Fig. 2A), whereas the remaining 123I-MIBG–
negative neuroblastic tumor was visualized only by
18F-FDOPA PET (Fig. 2B). The sensitivity of 123I-MIBG
scintigraphy was significantly lower than that of 18F-
FDOPA PET (75% [12/16] vs. 100% [16/16], P 5
0.0455), and the specificity between these 2 modalities
was not significantly different (100% [2/2] vs. 50%
[1/2], P 5 0.3173).

18F-FDG PET was performed concomitantly for 46
tumors with a sensitivity of 86.8% (71.9%–95.6%) and
a specificity of 62.5% (24.5%–91.5%). Four of the five
18F-FDG false-negative tumors were successfully detected
by 18F-FDOPA PET (Supplemental Fig. 2B, except for the
aforementioned 18F-FDOPA false-negative tumor), whereas
two of the three 18F-FDG false-positive tumors remained
true-negative on 18F-FDOPA PET (except for the aforemen-

TABLE 1
Clinical Characteristics of Patients with

Neuroblastic Tumors

Characteristic n

Age (n 5 34)
Infant (,1 y) 7 (20.6)

Noninfant ($1 y) 27 (79.4)
Sex (n 5 34)

Female 14 (41.2)

Male 20 (58.8)

Stage on International Neuroblastoma

Staging System (n 5 34)
1 5 (14.7)

2 1 (2.9)

3 3 (8.8)
4 23 (67.7)

4S 2 (5.9)

MYCN status (n 5 34)
Amplified 7 (20.6)

Nonamplified 25 (73.5)
Unknown 2 (5.9)

Tumor site (n 5 50)
Adrenal 18 (36)

Retroperitoneum 15 (30)

Mediastinum 3 (6)
Liver 2 (4)

Lungs 3 (6)

Head 2 (4)
Spine 1 (2)

Limbs 5 (10)

Lymph node 1 (2)

Timing of surgery (n 5 50)
At diagnosis 19 (38)
During chemotherapy 18 (36)

On suspicion of relapse 13 (26)

Histology (n 5 50)
Neuroblastoma 26 (52)
Ganglioneuroblastoma 11 (22)

Ganglioneuroma 5 (10)

No viable tumor cells* 8 (16)

Urinary VMA (n 5 50)
Elevated 12 (24)
Nonelevated 36 (72)

Missing 2 (4)

*Including 1 fibrosis, 2 inflammation, 2 necrotic tissue, and 3

lesions with no evidence of residual malignancy.

Data in parentheses are percentages.

FIGURE 1. Normal 18F-FDOPA uptake pattern. Representative
transverse and coronal PET images (left) from 19-mo-old girl with

stage 4S, MYCN-amplified disease after completion of therapy

show normal uptake over basal ganglia (open arrows), gallbladder

(solid arrows), urinary tract, and epiphyseal plates of long bones.
Because of hypointense lesion over right inferior segment of liver on

concomitant CT scan with contrast enhancement (arrowheads,

right), mass was resected surgically, and it proved to be fibrosis
only.
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tioned 18F-FDOPA false-positive tumor). The sensitivity of
18F-FDG PET was significantly lower than that of 18F-
FDOPA PET (86.8% [33/38] vs. 97.4% [37/38], P 5
0.0455), whereas the specificity of 18F-FDG PET tended
to be lower than that of 18F-FDOPA PET (62.5% [5/8] vs.
87.5% [7/8], P 5 0.1573). On receiver-operating-character-
istic analysis, the area under the curve for 18F-FDG PET
was marginally smaller than that for 18F-FDOPA PET (n 5
45; area under the curve, 0.8801 vs. 0.9645, P 5 0.0682;
Supplemental Fig. 3).
Among 17 tumors with triplet images, 123I-MIBG–posi-

tive tumors (n 5 11) showed significantly higher 18F-
FDOPA uptake (median SUVmax, 5.584 vs. 2.634, P 5
0.0348; median tumor-to-liver uptake ratio, 3.195 vs.
1.623, P 5 0.027) and urinary VMA (median level, 3.40
vs. 1.16 mg/d, P 5 0.0181) than did the 123I-MIBG–nega-
tive tumors, whereas there was no significant difference in
their 18F-FDG uptake (median SUVmax, 3.316 vs. 1.834, P5
0.107; median tumor-to-liver uptake ratio, 2.170 vs. 1.255,
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FIGURE 2. Comparison among 123I-MIBG, 18F-FDOPA PET, and
18F-FDG PET images. (A) A 3-mo-old boy with stage 3, MYCN-non-

amplified disease at diagnosis shows 123I-MIBG-positive, 8F-

FDOPA-positive, and 8F-FDG-positive findings. Histology of right
adrenal tumor showed poorly differentiated neuroblastoma. (B) After

3 courses of chemotherapy, imaging results become 123I-MIBG–

negative, 8F-FDOPA–positive, and 8F-FDG–negative before total re-

section of tumor. Histology confirmed presence of neuroblastic
cells.

46 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 54 • No. 1 • January 2013



P 5 0.2677) (Fig. 3). Analysis of the performance of in-
dividual imaging methods among these triplets is presented
in the supplemental results.

18F-FDOPA Uptake, AADC Gene Expression, and
Urinary VMA Excretion

In 15 nonhepatic tumors, the median AADC gene
expression level was 6.898 · 1023 (interquartile range,
2.109–27.58 · 1023), whereas their median SUVmax was
2.846 (interquartile range, 2.406–4.996), and their median
tumor-to-liver uptake ratio was 2.070 (interquartile range,
1.895–3.465). There was a strong correlation between
AADC gene expression and 18F-FDOPA uptake (SUVmax,
Spearman r 5 0.8179, P 5 0.0002; tumor-to-liver uptake
ratio, r 5 0.8929, P , 0.0001; Fig. 4A), and tumors with
stronger 18F-FDOPA uptake (tumor-to-liver uptake ratio $
2) expressed significantly higher levels of AADC messen-
ger RNA (P 5 0.0143; Fig. 4B). In 47 tumors with a con-
comitant urinary VMA result, a significant correlation
between VMA and 18F-FDOPA uptake was also observed
(supplemental results and Supplemental Fig. 4). These
results suggested that in neuroblastic tumors, higher uptake
of 18F-FDOPA reflected not only higher levels of AADC
expression but also more active downstream catecholamine
metabolism.

DISCUSSION

This study demonstrated the feasibility, characteristics,
clinical utility, and molecular basis of 18F-FDOPA PET in
neuroblastic tumors. 18F-FDOPA PET was well tolerated in
children with neuroblastic tumors. The 90-min interval be-
tween 18F-FDOPA injection and PET scanning was much
shorter than the standard 24-h interval for 123I-MIBG scans
(26) and allowed a single visit of the patient. 18F-FDOPA
PET clearly visualized primary and metastatic neuroblastic
tumors (Fig. 2 and Supplemental Fig. 1) and detected all
histologic types of neuroblastic tumors at a sensitivity of
97.6% and a specificity of 87.5% (Table 2). Because all
four 123I-MIBG false-negative neuroblastic tumors were

successfully visualized by 18F-FDOPA PET, including a pa-
tient whose tumor was detected by 18F-FDOPA but not by
18F-FDG (Fig. 2B), our findings suggest the complementary
role of 18F-FDOPA PET in detecting neuroblastic tumors in
addition to traditional 123I-MIBG and 18F-FDG scans. How-
ever, because the number of patients was limited and 123I-
MIBG scanning was performed in only some of them, we
stress that 123I-/131I-MIBG scans are still mandatory for
neuroblastic tumors (27). In particular, when incorporation
of 131I-MIBG therapy is under consideration as part of
multimodality therapy for high-risk disease, positive results
on 123I-/131I-MIBG scanning should be a prelude (28).

Although 18F-FDOPA PET has been used for striatal
imaging in parkinsonism since the 1980s, its application
to tumor imaging, especially in neuroendocrine tumors, is
promising (6,7). For example, in head and neck paraganglio-
mas, 18F-FDOPA PET has been proven more efficacious than
18F-fluorodopamine PET, 18F-FDG PET, 123I-MIBG scintig-
raphy, or 111In-pentetreotide scintigraphy (29). Because neu-
roblastic tumors predominate in young children, physiologic
uptake of 18F-FDOPAwas shown in the basal ganglia, epiph-

FIGURE 3. Comparison of 18F-FDOPA uptake, 18F-FDG uptake,

and urinary VMA by 123I-MIBG avidity among 17 tumors with con-
comitant results (reference line, upper limit of VMA).

FIGURE 4. Relationship between tumor uptake of 18F-FDOPA and
AADC expression (n 5 15 nonhepatic tumors). mRNA 5 messenger

RNA; T/L 5 tumor-to-liver uptake ratio.
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yseal plates of the long bones, kidneys, and liver and gas-
trointestinal tract (at lower intensity) in concordance with
the tissue distribution of AADC transcripts (30), and also in
the urinary tract and gallbladder, where catecholamine
metabolites are excreted (Fig. 1). Because neuroblastic
tumors are frequently located in the retroperitoneum, focal
high uptake in the gallbladder and ureters should be care-
fully compared with anatomic images of CT or ultrasound
in equivocal cases, as has been recommended in neuroen-
docrine tumors (6). In addition, the moderate uptake of 18F-
FDOPA by the liver can also mask neuroblastic tumors that
have metastasized to the liver. Despite these potential lim-
itations, we observed minimal background uptake of 18F-
FDOPA in sites that are commonly involved with primary
or metastatic neuroblastic tumors, including the adrenal
glands, paraspinal ganglia, skull and brain, lymph nodes,
and bone or bone marrow (except for the epiphyseal plates),
thereby providing a clear contrast in detecting neuroblastic
tumors.
Because the enzymatic target of 18F-FDOPA is AADC,

the presence of AADC activity in neuroblastic cells pro-
vides the molecular basis of this study (12). AADC was
expressed in 100% of neuroblastic tumors and 0% of other
common pediatric tumors (31), serving as a sensitive and
specific biomarker of neuroblastic tumors. In cells derived
from the sympathetic nervous system, AADC converts
L-DOPA to dopamine, which is subsequently converted to
norepinephrine and epinephrine (3,10). These catechol-
amines are then metabolized into homovanillic acid and
VMA and excreted in the urine (9,32). We showed that
18F-FDOPA uptake in neuroblastic tumors significantly cor-
related with not only AADC expression (Fig. 4) but also
urinary VMA levels (Supplemental Fig. 4). Therefore, the
biologic activity of neuroblastic cells in vivo, in terms of
catecholamine biosynthesis, could be vividly reflected by
the noninvasive 18F-FDOPA PET study. Given that AADC
expression (33–35) and urinary VMA (32) have been found
to be associated with neuroblastic tumor patients’ progno-
sis, the signal intensity of neuroblastic tumors on 18F-
FDOPA PET might also confer prognostic implications
and require further investigations.
The current standard imaging studies for the staging and

follow-up of neuroblastic tumors include CT/MR imaging
and 123I-MIBG scintigraphy (36). CT and MR imaging de-
pict the anatomic extent of neuroblastic tumors, but they do
not functionally characterize the lesions, as 7 of 8 lesions
detected by CT/MR imaging showed negative uptake on
18F-FDOPA PET with no viable tumor cells on histopathol-
ogy (Fig. 1; Table 2). On the other hand, 123I-MIBG targets
norepinephrine transporter and specifically localizes neuro-
blastic tumors. We observed a strong relationship between
123I-MIBG avidity and 18F-FDOPA uptake or urinary VMA
(Fig. 3), consistent with microarray studies showing that the
adrenergic genes were collectively and differentially
expressed in the same direction among neuroblastic tumors
(33–35).

18F-FDG PET, another commonly used functional scan
for neuroblastic tumors, has a relatively high sensitivity and
good image quality for detecting neuroblastic tumors. How-
ever, because 18F-FDG is taken up by cells with a high
glucose metabolic rate, 18F-FDG imaging of neuroblastic
tumor could be confounded by physiologic signals in the
brain (Fig. 2), sites with inflammation of nonmalignant
causes, and bone marrow undergoing normal hyperplasia
after myelosuppressive chemotherapy (37–39). In compar-
ison to 18F-FDG PET, 18F-FDOPA PET provided a better
contrast for cranial or brain lesions (Supplemental Fig. 1B)
and a higher sensitivity in detecting neuroblastic tumors
(Table 2). Interestingly, it has been shown in pulmonary
neuroendocrine tumors that typical carcinoids have signif-
icantly higher uptake of 68Ga-DOTATATE and less uptake
of 18F-FDG than do tumors of higher grade (40), thereby
raising the probability that in neuroblastic tumors, 18F-FDG
and 18F-FDOPA PET might also complement each other by
targeting distinct biologic pathways.

CONCLUSION

In this preliminary study with a small cohort of patients,
18F-FDOPA PET exhibited a high sensitivity and specificity
of 97.6% and 87.5%, respectively, in detecting neuroblastic
tumors with viable tumor cells. 18F-FDOPA has detected 4
of 4 neuroblastic tumors false-negative on 123I-MIBG and 4
of 5 false-negative on 18F-FDG, suggesting its complemen-
tary role to current 123I-MIBG scintigraphy and 18F-FDG
PET scans. Because 18F-FDOPA uptake in neuroblastic
tumors significantly correlated with AADC expression
and urinary VMA excretion, 18F-FDOPA PET could poten-
tially serve as a noninvasive functional imaging method in
detecting viable neuroblastic cells. Further studies with
larger patient cohorts comprehensively comparing various
imaging methods are required to validate the clinical use-
fulness of 18F-FDOPA PET in the assessment of neuroblas-
tic tumors.
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